For the Class 0 protostar, L1527, we compare 131 polarization vectors from SCUPOL/JCMT, SHARP/CSO and TADPOL/CARMA observations with the corresponding model polarization vectors of four ideal-MHD, non-turbulent, cloud core collapse models. These four models differ by their initial magnetic fields before collapse; two initially have aligned fields (strong and weak) and two initially have orthogonal fields (strong and weak) with respect to the rotation axis of the L1527 core. Only the initial weak orthogonal field model produces the observed circumstellar disk within L1527. This is a characteristic of nearly all ideal-MHD, non-turbulent, core collapse models. In this paper we test whether this weak orthogonal model also has the best agreement between its magnetic field structure and that inferred from the polarimetry -2 -observations of L1527. We found that this is not the case; based on the polarimetry observations the most favored model of the four is the weak aligned model. However, this model does not produce a circumstellar disk, so our result implies that a non-turbulent, ideal-MHD global collapse model probably does not represent the core collapse that has occurred in L1527. Our study also illustrates the importance of using polarization vectors covering a large area of a cloud core to determine the initial magnetic field orientation before collapse; the inner core magnetic field structure can be highly altered by a collapse and so measurements from this region alone can give unreliable estimates of the initial field configuration before collapse.
Introduction
Magnetic fields are thought to play a crucial role in the star formation process (e.g., McKee & Ostriker 2007) . The radius and rotation periods of classical T Tauri stars measured by Bouvier et al. (1993) and the cloud core rotations measured by Goodman et al. (1993) on the scale of 0.1 pc (20,000 AU), imply a specific angular momentum reduction of about 5 orders of magnitude by the cloud core material as it forms a star (Tomisaka, 2000) . Furthermore, an additional reduction in specific angular momentum of about two orders of magnitude is required by the material forming the initial cloud core from the diffuse ISM, if angular momentum is conserved by the material initially co-rotating with the galactic background (Basu & Mouschovias, 1994) . Magnetic braking is a commonly proposed mechanism to achieve reduction of angular momentum (e.g., Spitzer, 1978) . Mouschovias & Paleologou (1979) showed that a uniform field is more efficient at reducing specific angular momentum if it is perpendicular to the axis of rotation rather than aligned with it. This would suggest that the component of cloud rotation perpendicular to the magnetic field will be more efficiently suppressed than the component of rotation that is aligned with the magnetic field. The result would be a cloud core rotation axis that is more aligned than perpendicular to the magnetic field in that cloud core prior to collapse. Many studies have indeed assumed an aligned magnetic field with the rotation axis when numerically or analytically studying the subsequent collapse within these cloud cores to form protostars (e.g., Tomisaka 1998; Galli et al. 2006 ).
However, recent ideal-MHD theoretical studies of non-turbulent cloud core collapse in star forming regions indicate that the formation of rotationally supported circumstellar disks is suppressed if the initial cloud core magnetic field is relatively strong and the magnetic field is more aligned to the rotation axis of the cloud core than orthogonal to it (Hennebelle & Ciardi, 2009; Joos et al., 2012; Li et al., 2013 ). This conclusion may not hold if non-ideal MHD effects, such as Ohmic dissipation (Dapp & Basu 2010) , and/or turbulence (Santos-Lima et al. 2012 ) are incorporated.
Observational evidence strongly favours the existence of circumstellar disks around more evolved young stellar objects (YSOs) (see e.g., Jørgensen et al. 2009 and Williams & Cieza 2011 and references therein) , but there are relatively few examples of detected circumstellar disks surrounding Class 0 YSOs. This is unfortunate, since it is this class of YSOs which still has a large fraction of their envelopes intact enabling studies of the initial conditions of the cloud core before collapse. Polarimetry studies of this small subset of Class 0 YSOs (with detected circumstellar disks) would test the hypothesis of the ideal-MHD models in regards to the orientation of their initial magnetic fields with respect to the rotation axis of the YSO's cloud core. Such studies would assume dust grain alignment as outlined in Lazarian (2007) , where the polarization by dust emission is perpendicular to the direction of the projected magnetic field on the plane of the sky at the location of the emission.
In this paper, we focus on one of the most well-studied low-mass, Class 0 protostars, L1527, the first Class 0 YSO with an observed Keplerian disk (Tobin et al. 2012) . Over one hundred polarization vectors have been measured in the cloud core of L1527 (Matthews et al., 2009; Davidson et al., 2011; Hull et al., 2014) , covering size-scales of 20,000 AU down to 400 AU, enabling us to test cloud core collapse models in detail in this one source. In this paper we will test four ideal-MHD core collapse models of the same type as those that predict the suppression of circumstellar disks if the field is more aligned than orthogonal to the rotation axis of the collapsing cloud core. We will determine if indeed the observed magnetic field direction inferred from the polarimetry observations of L1527 favours an initial orthogonal magnetic field to the cloud's rotation axis. This detailed approach complements the survey approach (e.g., Krumholz et al., 2013; Hull et al., 2013; Hull et al., 2014) , which uses spatial averages of sometimes limited samples of polarization vectors to determine the overall initial magnetic field configuration for each source. We will examine the type of averaging method used in these surveys to evaluate their accuracy in determining the initial cloud core magnetic field configuration.
Section 2 below summarizes the observational data obtained for L1527 and the cloud core collapse models we are using to simulate the collapse in L1527. This section also outlines the approach we have taken to simulate the measured L1527 polarization data using the models. Section 3 summarizes our results using various χ 2 statistics to compare the modelled data with the real data for L1527. In Section 4 we discuss the results of Section 3 and compare our results to surveys and other polarimetry studies for this source and similar sources. Our conclusions are given in Section 5.
Observations and Models

L1527 Observations
L1527 lies within the Taurus cloud complex at a distance of about 140 pc (Kenyon et al. 1994; Torres et al. 2009 ). The near-IR and mid-IR observations of Tobin et al. (2008) constrain the outer radius of the cloud core surrounding the L1527 YSO to be 15000 AU. The total mass of this cloud core is ∼ 2 M as estimated by the modelling of the near-IR, mid-IR, far-IR, and sub-MM continuum images of L1527 (Tobin et al., 2008) and the NH 3 line observations of this source by Benson & Myers (1989) . Ohashi et al. (1997) observed in the C 18 O (J=1→0) line a north-south flattened column density enhancement with a radius of ∼ 2000 AU. In addition, Ohashi et al. interpreted the line profiles of C 18 O as infall and rotation within this flattened inner cloud core structure. Their results indicate the structure is not rotationally supported. The rotation sense and magnitude measured by Ohashi et al. (1997) on the scale of 2000 AU (∼ 5 kms −1 pc −1 pointing east) are consistent with the rotation measured by Tobin et al. (2011) inside a radius of ∼2000 AU using the N 2 H + (1-0) and NH 3 (1,1) lines. At larger scales in the cloud core, Tobin et al. (2011) found a more complex velocity structure, which is possibly a combination of infall, rotation and turbulence. The molecular line observations of Myers et al. (1995) and Zhou et al. (1996) indicate the possible existence of an infall radius at ∼ 5000 AU consistent with the Shu (1977) inside-out collapse model (more on this in Section 2.2). L1527 also has a well defined east-west bipolar outflow (Zhou et al., 1996; Hogerheijde et al., 1998) which lies within 5 • of the plane of the sky (Tobin et al., 2010) . The outflow axis coincides with the rotation axis of the inner cloud core of L1527 (i.e., within a radius of 2000 AU). The geometry of the outflow and the measured line profile velocities imply the age for the outflow is only a few thousand years (Hogerheijde et al., 1998) . The near-IR and mid-IR scattered light analysis of Tobin et al. (2010) indicates the existence of two cavities carved out by the bipolar outflow. These cavities, one to the east and one to the west of the YSO, are approximately conical in shape with their apexes at the position of the YSO and with half-opening angles of ∼ 20 • . Finally, the continuum and 13 CO (J=2→1) line interferometric observations of Tobin et al. (2012) reveal a rotationally supported (i.e., Keplerian) circumstellar disk with a radius of about 100 AU and a rotation axis pointing east, aligned with the outflow axis. This is one of the best examples of such a disk about a Class 0 YSO to date. The Keplerian motion of the material in this disk implies the mass of the central L1527 YSO to be about 0.2 M .
In addition to the above studies, there have been a number of L1527 polarimetry studies. In this paper we are comparing our models with the polarization measurements made in three "observation sets":
(1) The 1.3mm CARMA observation set containing 9 polarization vectors constructed with an effective 3 FWHM beam on a Nyquist-sampled 1.5 spatial grid (Hull et al., 2014) .
(2) The re-reduced 350µm SHARP observation set containing 30 polarization vectors constructed with an effective 10 FWHM beam on a Nyquist-sampled 5 spatial grid. These vectors are based on the same data reported in Davidson et al. (2011) , but the data have been re-reduced as per Chapman et al. (2013) and re-binned in a Nyquist-sampled spatial grid rather than a beamsampled grid.
(3) The 850µm SCUPOL observation set containing 92 polarization vectors constructed with an effective 20 FWHM beam on a Nyquist-sampled 10 spatial grid (Matthews et al., 2009) . The results of the re-reduced SHARP data are summarized in Table 1 of this paper. The CARMA results are summarized in the on-line table of Hull et al. (2014) , and the SCUPOL results are sum-marized in the on-line table of Matthews et al. (2009) . The orientations of the polarization-vectors reported in these tables are east from north. These must be rotated by 90
• to show the inferred magnetic field vectors (i.e., "B-vectors"), since dust grains align with their long axes orthogonal to the magnetic field (Lazarian 2007).
Figures 1, 2 and 3 display the inferred B-vectors for the SCUPOL, SHARP, and CARMA observation sets used in this paper. The length of each B-vector indicates the magnitude of the polarization fraction, P , observed for the polarization-vector associated with that B-vector. The black vectors have P/σ P ≥ 3, while the grey vectors have 2 ≤ P/σ P < 3, where σ P are the 1-sigma errors of the polarization fractions.
Cloud Core Collapse Models
In this paper, we are comparing the polarimetry data of L1527 to four cloud core collapse models with differing initial magnetic field strengths and orientations. We are using these models because they are similar to the ideal-MHD, "global" cloud core collapse models that predict the suppression of circumstellar disk formation when the initial magnetic fields are aligned with the rotation axis of the cloud core. The initial physical configurations of these models are not initially in force balance, resulting in a global infall motion throughout the cloud core after the initial start time of the simulation. This differs from an initial force balanced cloud core which has a singular, isothermal, spherical density structure as per Shu (1977) . In this latter case, the collapse region is bound by an expansion wave; there is collapse/infall inside this expansion wave, but the envelope remains static outside. This type of collapse is often referred to as an inside-out collapse. As mentioned in Section 2.1, there is evidence of such an expansion wave in L1527, but this evidence does not conclusively eliminate a global collapse scenario for L1527 since the infall in a global collapse model is faster in the central regions than the outer regions of the core, and so the reported observations of an infall envelope may in fact be reflecting this difference in infall rates.
All four of the models employed in this paper satisfy the following three conditions, which are based on the observations:
(1) The initial cloud core has a uniform density, a radius of 15,000 AU and contains a mass of 2 M . This outer radius was set by scattered light observations (Tobin et al., 2008 (Tobin et al., , 2010 . The mass is consistent with Tobin et al. (2010) and Benson & Myers (1989) .
(2) The initial solid-body rotation of this cloud core has a value of 2 kms −1 pc −1 pointing east. This is consistent with an upper limit set by observations which show that the outer region of the L1527 cloud core has a complex velocity structure, some of which is not attributed to rotation (e.g., Tobin et al. 2011) . The direction of the rotation is consistent with the better defined rotation observed inside a radius of 2000 AU (Tobin et al. 2011 and Ohashi et al. 1997) , and the orientation of the observed E-W outflow in L1527 (Zhou et al., 1996; Hogerheijde et al. 1998) .
(3) The epoch of our observations is set by the existence of a central 0.2 M protostellar object (Tobin et al. 2012) . In other words, we ran the simulations for each of our four models described below until they produced a central 0.2 M protostellar object. The objective of this study is to compare the magnetic field structure at this epoch for each of these four models to that observed via the polarimetry observations of L1527.
The four global core collapse models we are studying can be identified by the strength and orientation of their initial uniform magnetic fields, where the strength is encapsulated in the dimensionless mass-to-(magnetic)flux ratio, λ (Crutcher, 1999) . λ compares the mass-to-flux ratio of a given cloud core to its critical mass-to-flux ratio, corresponding to the value where a magnetized cloud core becomes unstable to gravitational collapse as defined by Nakano & Nakamura (1978) . This critical mass-to-flux ratio assumes all other stabilising forces are insignificant, and so λ can be greater than one in a stable cloud core if other forces such as rotation, turbulence and gas pressure are significant. The OH Zeeman observations of 34 dark clouds by Troland & Crutcher (2008) show that gravitational, magnetic and turbulent energies appear comparable and that λ is approximately a few on average. Initially, we ran our global collapse simulations for models having λ = 3, but found that these simulations could not converge to form a central protostar of 0.2 M . We reduced the magnetic field strength to λ = 4 and found that this enabled a central 0.2 M to form for these models. We call these models the "strong" field models. Although these produced the required protostar mass, they could not reproduce the rotationally supported circumstellar disk observed by Tobin et al. (2012) . This is consistent with the results of Li et al. (2013) , which show that a λ value of about 10 is required for such models before Keplerian disks emerge (in the absence of any turbulence). We call these models the "weak" field models.
Thus the four models that were run for our L1527 comparison satisfy the above three conditions and can be characterized by their initial uniform magnetic field strength and orientations as follows:
SA Model: Strong (λ = 4) field, aligned with the rotation axis of the cloud core; WA Model: Weak (λ = 10) field, aligned with the rotation axis of the cloud core; SO Model: Strong (λ = 4) field, orthogonal to the rotation axis of the cloud core; WO Model: Weak (λ = 10) field, orthogonal to the rotation axis of the cloud core. (See Appendix A for the technical details in regards to the model simulations.)
It is important to note that although all the models produce a central 0.2 M protostar, only the WO model produces the rotationally supported disk observed by Tobin et al. (2012) for L1527; magnetic braking seems to have been too efficient in the other models. In this paper we will test whether or not this WO model also has the best agreement, compared with our other models, between its modelled magnetic field structure and that inferred from the polarimetry observations of L1527.
The outputs of the four model simulations are in spherical coordinates. We have transformed these coordinates to sky RA and Dec (α, δ) and line of sight (z) coordinates to obtain:
where ρ gas is the 3-D gas mass density, B = (B α , B δ , B z ) is the magnetic field vector, ξ B is the east from north angle of the magnetic field projected on the plane of the sky, and γ is the inclination angle of the magnetic field to the plane of the sky at (α, δ, z). For each simulation the α-axis is uniquely defined by the rotation vector observed for L1527; this is the polar axis in the simulations. However, the other two sky axes (δ and z) are not uniquely defined, and could be any two orthogonal axes lying in the plane perpendicular to the polar axis. For each simulation, we have defined two possible lines of sight, LOS-1 and LOS-2, as shown in Figure 4 , since we are not assuming axial symmetry about the rotation axis. This symmetry certainly cannot be assumed for the SO and WO models. LOS-1 has been chosen to be the axis coinciding with the direction of the initial uniform magnetic field lines in the SO and WO models. Once a line of sight has been defined, the remaining sky axis (the δ axis) is uniquely defined. Figure 4 shows a 3-D schematic of the magnetic field lines for an initial aligned field model (a) and for an initial orthogonal field model (b), shortly after the initiation of the cloud core collapse. The field lines in the aligned model for the most part maintain a pinched, hourglass, poloidal appearance, but at later stages of the collapse, and especially for the weaker fields, considerable toroidal twisting of the field lines occur in the core's center and to some degree along the axis of rotation. The field lines in the orthogonal model exhibit a pinch with a twist, resulting in a strong toroidal configuration at the center of the cloud core, but also a surprisingly similar poloidal configuration in projection on the sky to the aligned model on spatial scales farther out from the cloud core's center. This will be discussed further in Section 3.
As mentioned above, the observations of Tobin et al. (2010) indicate the existence of two cavities carved out by the bipolar outflow in L1527. These cavities are approximately conical in shape with their apexes at the position of the YSO and with half-opening angles of ∼ 20
• . We have assumed, for modelling purposes, that the symmetry axis of the outflow cavities lies in the plane of the sky (true on the order of about 5
• for L1527) along the E-W axis (see Figure 5 ). We have modelled the cavities by setting ρ gas to zero within these cavities; so along each line of sight on the sky, ρ gas (α, δ, z) = 0 for −z o < z < z o where:
and where θ o =20
• and D is the distance to L1527.
B-Vector Models
The Stokes parameters of the dust emission for each infinitesimal line of sight length element, dz, at (α, δ, z), can be given by:
where P ν is the degree of polarization of the emission (i.e., polarization fraction) from dz at (α, δ, z); B ν (T ) is the Planck function evaluated for a dust temperature of T at the spatial position of (α, δ, z); dτ ν is the optical depth along the infinitesimal portion of the line of sight dz at (α, δ, z); and ξ is the linear polarization angle measured east from north for the sub-mm and mm emission at (α, δ, z) (see Figure 9 in Hildebrand et al., 2000) . Since it is expected that dust polarization is orthogonal to the magnetic field orientation (due to dust grains aligning with their long axes orthogonal to the local magnetic field), we will assume |ξ − ξ B | = 90 • , where ξ B is the east from north angle of the magnetic field projected onto the plane of the sky given by our models.
The polarization fraction at each location in 3-D space, P ν , can be separated into two factors, P ga ν and P mag . The first is dependent on the shape and composition of the dust grains and the degree of the grain spin-axis alignment with the magnetic field at that location; the second is dependent on the inclination angle of the magnetic field to the plane of the sky, γ, at that location (Hildebrand & Dragovan 1995) . Lee & Draine (1985) showed that this second term equals cos 2 γ (see also Hildebrand 1988) . For this paper, we assume P ga ν is spatially constant throughout the cloud core, but we allow it to differ in value from one observing frequency to another.
In addition, we further expand dτ ν in terms of dz:
where κ ν is the dust opacity per unit dust mass, and ρ dust and ρ gas are the mass densities of the dust and gas, respectively, for a gas-to-dust mass ratio of 100.
In an optically thin cloud, the Stokes parameters given in (4), (5) and (6) can be summed along the line of sight for each position on the sky to give the total I, Q and U sky maps (Hildebrand et al., 2000) . However, the central regions of the L1527 models outlined above are not optically thin even for the long wavelengths being considered in this paper. Appendix B shows how we model the transfer of linearly polarized radiation at the three wavelengths of our observation sets along each line of sight on the sky for each of our four cloud core collapse models to obtain the model Stokes parameters I beam ν (α, δ), Q beam ν (α, δ), and U beam ν (α, δ) as seen by an observer after beam effects have been included for a given observation set.
The model Stokes parameters derived in Appendix B depend on wavelength (i.e., frequency ν) because of the wavelength dependent quantities (κ ν , P ga ν and B ν (T)) included in their calculation. For κ ν , we have used 1.11 cm 2 /g, 10 cm 2 /g, and 1.8 cm 2 /g for the CARMA, SHARP and SCUPOL observation sets, respectively, based on columns 5 (SHARP and SCUPOL) and 6 (CARMA) of Table 1 of Ossenkopf & Henning (1994) . We have used column 6 values for the CARMA model since the CARMA observation set covers the densest region of the L1527 core where ρ ∼ 10 −16 g/cm 3 and greater. P ga ν , although assumed spatially constant in this analysis, is allowed to vary from one observation set to another. The observational results of Vaillancourt & Matthews (2012) of a variety of Galactic clouds and environments imply an approximate P ga ν % ratio of 10:17:20 for 350µm:850µm:1300µm, with P ga ν % ranging from approximately 5 to 10 at 350µm (Dotson et al., 2010 ), but we do not enforce this ratio or magnitude in our modelling. Instead we look at each observation set independently and use a P ga ν value to produce the same mean polarization in a modelled observation set to the mean obtained in the real observation set. We record the values of P ga ν used in Table 2 .
When calculating the Planck function B ν (T), we assume to first order a spatially constant dust temperature across the L1527 cloud core for the SHARP and SCUPOL observation sets, based on the sub-mm color temperature observations of Chandler & Richer (2000) . Chandler & Richer argue that the large opening angle in the L1527 outflow provides the opportunity for heating away from the protostar through straylight from the protostar and possible shocks due to the outflow thus resulting in the near constant dust temperature observed on the scales of 10s of arcseconds.
For the CARMA observation set, we include a temperature gradient for the inner central region using a temperature profile given in Kwon et al. (2009) of:
where T o = 12 K, r o = 2000 AU and β = 0.5 where β is the dust opacity index. These values for T o , r o and β are consistent with the L1527 far-IR observations of Ladd et al. (1991) and the dust opacity modelling work of Kwon et al. (2009) for the inner regions of cloud cores containing Class 0 YSOs. The low value of β compared to the ISM value is due to grain growth. This assumed value of β differs from the value of 1.8 used in column 6 of Table 1 in Ossenkopf & Henning (1994) from which we obtained our value for κ ν for the CARMA observation set. However, Ossenkopf & Henning (1994) state in their conclusions that κ ν = 1.11 cm 2 /g is still a reasonable value to adopt, even within the central dense inner regions of cores, but κ ν may increase by a factor of 5 if the dust ice mantles have been removed from the dust aggregates. We will return to this possibility in our discussion of our results in Section 4.
The length of the line of sight used in our calculations of the model Stokes parameters in Appendix B (i.e., ±L ν (α, δ)) are wavelength dependent as well as sky position dependent. L ν (α, δ) has a wavelength dependence since we are using the wavelength to identify the observation set we are modelling. CARMA observations, for example, sample much less volume of a YSO than do SCUPOL observations. We assume the sample volume of a particular observation set to be nearly spherical with a radius of R ν so the spatial dependence of L ν (α, δ) is given by:
where d(α, δ) = (α 2 + δ 2 )D, and D is the distance to L1527 (see Figure 5 ).
Two processes restrict the effective extent of an observation, i.e., R ν : (1) the spatial filtering inherent in an observational technique; and (2) the sensitivity limits of a particular observation set.
A chop-nod technique was used for the SHARP and SCUPOL observations (Li et al. 2008; Greaves et al. 2003 ) with a 120 chop-throw. This means the flux exterior to a radius of 120 is subtracted from the flux interior to this radius. Thus, in effect, the extent of the observations are truncated in the plane of the sky (POS) and approximately along the line of sight (LOS) at a radius of this chop-throw. In addition, the extent of the observations are also restricted by the sensitivity of the observations to the flux within the chop-throw region. Observations of Chandler & Richer (2000) illustrate that for SCUPOL this region is bounded by a radius of ∼90 , and for the wavelength used by SHARP the extent is less and is bounded by a radius of ∼60 . The interferometric technique used by CARMA imposes a spatial filter in the POS of about 5 times the resolution, so on the order of 15 for the 3 resolution of the CARMA observations being used in this paper. This same spatial filtering can be assumed along the LOS if one assumes that as one moves outward from the core into less dense material, it is likely that this lower density material has a greater angular extent than the core itself on the order of its distance from the core, and so is also spatially filtered in regions exterior to ∼ 5 times the resolution. In addition, the CARMA 3 intensity map of L1527 in Hull et al. (2014) implies that most of the emission being measured by CARMA is well interior to a radius of 10 from the YSO. In summary, using the above, we have set the value of R ν to be 12600 AU (i.e, 90 ) for the SCUPOL data simulations, 8400 AU (i.e, 60 ) for the SHARP data simulations, and 1400 AU (i.e, 10 ) for the CARMA data simulations.
, and U beam ν are calculated using the equations in Appendix B for a given sky position, model, and observation set (defined by the subscript "ν"), the east from north orientation of the model polarization-vector for that sky position can be given by:
where the value of ξ ν depends on which of one the four sign combinations exists for U and Q, i.e.,:
In addition, the percentage polarization fraction, P%, of this vector can be given by:
The model polarization-vectors at each position on the sky can be rotated by 90 • to produce "B-vectors" which represent the net orientation of the "plane of the sky" magnetic field after integration along a given line of sight.
Results
An Overview of the Model B-Vector Results
Figure 6 displays the modelled B-vectors for all four models (SA, WA, SO and WO) using the SCUPOL observation set parameters. For the two "orthogonal" models (SO and WO) two lines of sight are plotted separately (i.e., LOS-1 and LOS-2 as defined in Figure 4 ). The SA and WA models are nearly symmetrical about their polar (rotation) axis, causing their B-vector maps in LOS-1 and LOS-2 to be almost identical. In Figure 6 , the polar (rotation) axis of the models has been rotated to lie east-west to be aligned with the rotation axis of L1527. The green arrows shown in Figure 6 represent the E-W outflow axis in L1527.
The B-vectors are plotted on a Nyquist-sampled spatial grid for a 20 FWHM beam. The lengths of the vectors are proportional to the modelled polarization fraction at the location of the vector. The orientation of the vector gives the net orientation of the "plane of the sky" magnetic field at the sky position of the vector. A P ga ν value of 10% was used for all the models in Figure  6 . The B-vectors are superimposed on the contour/greyscale intensity maps corresponding to the model indicated on the figure. The contours are in increments of one-tenth of the peak intensity.
Superimposed on each panel of Figure 6 are two areas "A" and "B" enclosed by green dot-dash lines. These delineate the areas within the B-vector maps that have the greatest differences from model to model. It is noteworthy that all the models (for both LOS-1 and LOS-2) look similar in the four quadrants lying outside areas A and B. The B-vector orientations observed in these four quadrants are to be expected for the two "aligned" models (SA and WA), consistent with the classic hourglass magnetic field structure. However, the same four quadrants in the SO and WO models produce similar inward pointing B-vectors. Figure 4 (b) illustrates why this is the case for both LOS-1 and LOS-2. In a global cloud core collapse (as is the case in the models being studied in this paper), material from the outer part of the cloud core collapses onto the central region, dragging with it the field lines so they gain a large B component along the polar (rotation) axis. This would not be as marked in an inside-out collapse, where the material collapsing to form the protostar was close to the center of the cloud core at the beginning of the collapse. Figure 6 shows that it is the outer regions of area "A" that most clearly differentiate between an "aligned" model (e.g., SA and WA) and an "orthogonal" model (e.g., SO and WO). And it is within area "B" that the differences in the spatial variation of the polarization fraction indicate differences in field strength. The polarization fractions increase towards the center within area "B" for the SA model, but decrease towards the center for the WA model. This is because the field lines become more twisted and toroidal within the central region of the core for the weaker aligned field, than is seen for the stronger aligned field. The near toroidal nature of the central core B-fields in the WA model can be seen explicitly in the CARMA model observations, but not directly in the SCUPOL model observations (seen in Figure 6 ), except in the decrease in the polarization level towards the inner core as seen in panel (d) Figure 6 (e) in the outer regions of area "B" are due to field line distortions, but the reduction seen in the center of area "B" is dominated by the high optical depth in the center of the core for the WO model. Recall, this is the only model of the four to form a circumstellar disk. Without this optical depth effect, the polarization fraction would be high in the center of the WO model. Two cautionary notes in regards to the statements above for area "B": (1) P ga ν is assumed spatially constant in our modelling, so the variations within area "B" are due only to variations in the magnetic field orientations along the line of sight and within the beam, and/or optical depth effects. If, however, P ga ν varied spatially, then the variations in polarization strength and orientation in area "B" could be altered. In Section 4.1.5 we argue, however, that P ga ν should be fairly constant within area "B". (2) Area "B" is the region of the L1527 map where the bipolar outflow in L1527 could potentially alter the magnetic field structure from those of the models. More on this in Section 4.1.4.
Of all the models, the SO model has the largest variation between its two lines of sight (LOS-1 and LOS-2). In the weaker field model, WO, the field lines have been distorted and twisted sufficiently to basically lose a distinction between LOS-1 and LOS-2. However, the stronger fields of the SO model hold-on to this distinction; for the LOS-2 case, there are field lines with large polaraxis components superimposed on field lines along the same line of sight with large components orthogonal to the polar axis. The result is an overall reduction in the effective polarization fractions for the LOS-2 case. The orientations of the B-vectors in the SO/LOS-2 model are more like those of the WO model than the SO/LOS-1 model. As stated before, we maintained the assumption that P ga ν is spatially constant in our modelling; therefore, any variation in the polarization levels across a map of a given observation set is due to variations in the magnetic field orientations along the line of sight, averaging over the beam size, and/or optical depth effects. However, although spatially constant, we did allow P ga ν to vary in magnitude from one observation set to another and from one model to another so that:
χ 2 Comparisons between the L1527 Observations and the Models
where P % obs,i and P % ν (α i , δ i ) are the actual and modelled percentage polarization fractions within an observation set (defined by ν) at position (α i , δ i ), and N obs is the number of B-vectors detected in a given observation set. The P ga ν values required to make Equation 12 hold are tabulated in Table 2 .
Figures 7, 8 and 9 illustrate that we must consider both the length of the B-vectors (i.e., the polarization fraction associated with each B-vector) as well as their orientation to assess the goodness-of-fit of a model to a given observation set. We have calculated two χ 2 statistics for each observation set, model and LOS-axis combination. One χ 2 statistic tests the goodness-of-fit in regards to the orientation of the B-vectors, χ 2 ang ; the other tests the goodness-of-fit in regards to the polarization fractions associated with the B-vectors, χ 2 p .
Our definition of χ 2 p is as follows:
where P % obs,i and P % ν (α i , δ i ) are the observed and modelled polarization fractions of N ind independent polarization-vectors within a given observation set, and σ p,i are the 1-sigma uncertainties of the observed P % obs,i . We can calculate the reduced-χ 2 by dividing the above chi-square expression by the total number of the degrees of freedom, (N ind − 1), where the reduction by 1 is because we have fitted one parameter (P ga ν ) via equation (12). However, the spatial sampling of the data in each of the observation sets is less than a beam-width, so all the observed B-vectors in an observation set are not independent; there is some correlation between adjacent B-vectors. Nevertheless, in our tabulation of our reduced-χ 2 p results in Table 2 , we have assume that N ind = N obs (i.e., the number of B-vectors detected in each observation set). Since this does not represent the true number of independent terms in Equation (13), we will use this reduced-χ 2 value only as an indicator of the goodness-of-fit; we will not use this statistic to evaluate any confidence levels in regards to this fit.
Similarly, our definition of χ 2 ang is:
where ξ B,i and ξ B,ν (α i , δ i ) are the observed and modelled inferred position angles of N ind independent B-vectors within a given observation set, and σ ξ,i is the 1-sigma uncertainty of the observed ξ B,i . Note: since the B-vectors are two headed vectors (i.e., there is a 180 o degeneracy in their orientation), the angular difference in each term of Equation (14) must be ≤ 90 o . If required, we added or subtracted 180 o to make this so for each of the terms. We can calculate the reduced-χ 2 ang by dividing the above χ 2 expression by the total number of the degrees of freedom, N ind . In this case we do not reduce this number by 1 since the model values of ξ ν (α i , δ i ) do not depend on the value of P ga ν . As with the reduced-χ 2 p case, we have tabulated our reduced-χ 2 ang values in Table  3 using N ind = N obs , and so we will use this value only to indicate the goodness-of-fit between a model and an observation set.
In Table 3 , we also list the values of the fraction χ 2 ang /χ 2 max for each observation set, where:
is the maximum possible χ 2 ang value for an observation set. If the value of this fraction is very close to zero, then the fit is good. The opposite is true if this fraction is close to 1.
Finally we also include in Tables 2 and 3 the combined reduced-χ 2 values of all three observation sets. Combined χ 2
and this is divided by N obs = (9 + 30 + 92) to give the reduced chi-square statistic. Combined χ 2
and this is divided by (N obs − 3) = (8 + 29 + 91) to give the reduced-χ 2 statistic.
Discussion of the Results
Implications of the Chi Squared Comparisons
The results of our chi-squared comparisons between the models and the observations are presented in Tables 2 and 3 . A good fit to the observations is indicated if χ 2 ang /N obs and χ 2 p /(N obs − 1) are approximately equal to one, and if χ 2 ang /χ 2 max is close to zero. If the latter is close to one, this indicates a very poor fit to the data.
We list here three statements that can be made immediately from Tables 2 and 3 alone: (i) Only for the SO model do the χ 2 values change significantly when using the LOS-2 line of sight rather than the LOS-1 line of sight. Figure 6 illustrates why this would be the case.
(ii) Table 3 shows that the CARMA observation set rules out the SA model for L1527 -at least in the central region of L1527 -since the reduced chi-square values are very large and χ 2 ang /χ 2 max is close to one. (iii) The overall favored model is the WA model, but the SO/LOS-2 and WO models cannot be discarded. No model fits the data within the errors of all the observation sets, but the WA, SO (for LOS-2 only) and WO models are not wildly at odds with the observations. Of the two orthogonal models, WO is favored over the SO model since the WO model fits the observations well in the center of L1527 (reduced-χ 2 ang ∼ 1), and this model is not line of sight dependent as is the case for the SO model. The SO/LOS-1 model is a poor fit to the SCUPOL observations.
4.1.1. The Outer and Intermediate Regions of the L1527 Core: SCUPOL and SHARP Tables 2 and 3 imply the SHARP observation set is not a good differentiator between the models. In part, this is because the SHARP vectors, in this particular observation set, happen to lie predominantly in a region outside Areas "A" and "B" (compare Figure 8 with Figure 6 ), in a region where the B-vectors are similar for all the models. But in addition, the SHARP χ 2 ang values for the WA, SO and WO models are very similar due to the dominance of the terms in the χ 2 -sum associated with the ill fitting B-vectors in the western portion of the sky maps shown in Figure  8 for these models. If these vectors were ignored, the WO and SO/LOS-1 models would fit the SHARP data significantly better than the WA, SA and SO/LOS-2 models (see Figure 8 ).
In contrast, the SCUPOL observation set has B-vectors inside Areas "A" and "B" (compare Figure 7 with Figure 6 ),making this observation set a good differentiator between the models. Tables 2 and 3 show that the SCUPOL observation set favors the weak aligned (WA) model for the outer core of L1527. However, even for this model the fit is not within the errors of the observations.
Together the SCUPOL and SHARP observations imply a magnetic field structure that is like the WA model in the outer regions of the cloud core, but which shifts towards the slightly more toroidal WO model by the intermediate cloud core region. 4.1.2. The Inner Region of the L1527 Core: CARMA Figure 9 shows that the B-vectors are predominantly toroidal for the WA, SO and WO models (i.e., orthogonal to the rotation axis of L1527) in the inner region of the L1527 cloud core. Only the SA model has B-vectors still aligned with the rotation axis. In the case of the WA model, poloidal fields initially aligned with the rotation axis have been twisted into this toroidal structure within the inner core of L1527. The weak orthogonal (WO) model has a reduced-χ 2 ang value close to one within the inner core, which makes it the most favored within the central region of the L1527 core. However, the polarization fractions of the vectors of this model have a spatial distribution that differs significantly from that observed. In addition, in order to achieve the polarization fractions observed, a high degree of dust grain alignment efficiency is required for this model (i.e., P ga ν ∼ 30%). This may actually be the case in this central region, where the radiative torques of the RAT alignment process could be very efficient (Lazarian, 2007) . However, another possibility is that the opacity, κ ν , for this inner region, which contains a circumstellar disk for this model, is much higher than 1.11 cm 2 /g. If a value of 5 cm 2 /g is used for κ ν , as suggested as a possibility for circumstellar disks by Ossenkopf & Henning (1994) , then the WO model gives a better reduced-χ 2 p value of 2.51 for a P ga ν = 11.5%, with a reduced-χ 2 ang value of 1.10. Another possibility is that radiation escaping through the poles of the disk create a shallower temperature gradient within the central region of L1527, than the one given by Equation (8). For a spatially constant temperature distribution for the inner region, the WO model has a reduced-χ 2 ang = 1.03 and a reduced-χ 2 p = 2.37 for P ga ν = 10.0%. Interestingly, though, if these same variations in κ ν or temperature gradient are applied to the WA model, then similar values for the WA model would result (i.e., reduced-χ 2 ang ∼ 1.0, reduced-χ 2 p ∼ 2.5 and P ga ν ∼ 9%).
The above illustrates that if the inner central regions of the L1527 models (i.e., within a radius of ∼ 1 ) are weighted less, either by blocking their radiation with higher opacity or reducing their temperature weighting, then both the WO and WA models have very similar polarizations. This means that in the outer regions of the CARMA observations (i.e., beyond the central ∼ 1 radius) the toroidal magnetic field structures seem similar for the two models.
Overall Model Review
As stated previously, based on the magnetic field structure alone, the overall favored model is the WA model, although the WO model cannot be discarded especially for the intermediate and inner regions of the cloud core. No model gives a good fit within the errors of all the observations under our assumed model parameters. One possible explanation for this is that the initial magnetic field configuration in L1527, before the onset of collapse, was neither aligned nor orthogonal. To determine the most likely initial magnetic field orientation, ψ B , we modelled an uniform field and compared this to each observation set. This model has one parameter, ψ B , which we varied for each observation set to obtain the best reduced-χ 2 ang value. (Note: the reduced-χ 2 ang in this case has one fewer degrees of freedom since we are fitting the ψ B parameter to obtain the best fit.) Table 4 summarizes the results. Although the reduced-χ 2 ang values reported in Table 4 for the comparison between the uniform fields and the observations are better than any reported in Table 3 for our collapse model comparisons with the observations, it is important to appreciate that a different uniform field is required for each observation set. The best-fit uniform field has an orientation of 67 • east of north for the outer regions of the L1527 core (i.e., the SCUPOL observations). For the regions closer to the center of the L1527 core, the best-fit uniform field rotates towards the axis orthogonal to the rotation axis (i.e., 26 • for the SHARP observations and 1 • for the CARMA observations). It is interesting to note that these values for ψ B correspond to the unweighted average of the orientations of the B-vectors, ξ ave B , in each observation set, if the averaging technique of Li et al. (2006) (and, independently, of Stephens et al., 2011) is used. This averaging method uses normalized Stokes parameters q B and u B , with polarization fractions set to one so: In Table 4 , under the titles of the SA, WA, SO and WO models, we list the χ 2 values for these models (for LOS-1 and LOS-2) in regards to the three uniform fields listed, with the B-vector in each observation set replaced by the respective model B-vector for that observation set. The χ 2 values for the models in Table 4 show that both the aligned (SA and WA) models best fit the uniform field given for the outer regions of L1527 mapped by SCUPOL, but that the SA model is a very poor fit to the uniform field given for the inner regions mapped by CARMA. This latter uniform field is best fit by the weak orthogonal (WO) model. Indeed, the WO model is also the best fit to the uniform field defined by the SHARP observation set for the intermediate regions of the L1527 cloud core. However, this model as well as the SO model give very poor fits (χ 2 ang /χ 2 max ∼ 0.5.) to a uniform field with an orientation derived from the average of the SCUPOL B-vectors (i.e., 67 • east from north ) in the outer regions of the L1527 cloud core. Table 4 emphazies once again, that the WA model is the only one of the four models that can to some degree accommodate all three uniform fields as they change from the outer regions of the L1527 cloud core to the inner region; although the WO model is favored when considering only the intermediate and inner regions of the core.
An initial uniform magnetic field tilted 67 • east from north would not be too different from the large scale field traced in the less dense gas near the L1527 cloud core by the optical and near-IR polarization vectors shown in Figure 1 of Chapman et al. (2011) . These vectors imply an orientation of the field outside the L1527 cloud core of about 50 • east of north, although this field need not maintain this orientation inside the denser gas of the Taurus filament containing L1527. The values of 26 • and 1 • for the orientation of the uniform field models for the SHARP and CARMA observation sets, respectively, are consistent with the twisting of this initial field, orientated at 67 • east of north, to a toroidal field about the rotation axis in the center of the L1527 core. Further, a WA-type model may be more consistent with the SHARP and CARMA observation sets, if the initial field is oriented 67 • east of north, rather than 90 • .
The Bipolar Outflow in L1527
Our model simulations do generate slow outflows, but these are not the bipolar CO outflows (driven by fast jets) that are observed in L1527 (and other Class 0 objects). These fast jets are probably powered by disk accretion close to the disk inner edge ∼0.1 AU or less from the protostar. Our core collapse simulations do not have the resolution down to such small scales (see Appendix A). Our models do incorporate, however, the bipolar cavities observed in L1527 that were carved out by the outflows (see Figure 5) . The model magnetic field structures inside these cavities do not affect the model SCUPOL, SHARP and CARMA B-vectors, since there is no dust emission to polarize in these regions. In order to test the sensitivity of our results to the presence of the outflow cavities, we also modelled the observed B-vectors that would result if the outflow cavities did not exist. We found that our χ 2 results listed in Tables 2 and 3 for the most part were unaltered down to the 10% level. This means for the most part the magnetic field structure inside the outflow cavities contributes relatively little to the integrated line of sight observations. But is the outflow strong enough to alter the magnetic field structure adjacent to the outflow cavity walls to a significant depth so that the model observations would be significantly altered from the model observations used in this paper? The SA Model has the largest magnetic field strength near the surface of the outflow cavity walls for radii between 10 and 60 from the central protostar in L1527. The field for this model is about 100 µG on the cavity surface at about 30 from the protostar. This corresponds to a magnetic energy density of ∼ 4 × 10 −10 erg cm −3 , which is close to the thermal energy density of the gas at the same location on the outflow cavity wall. Davidson et al. (2011) estimated the energy density of the bipolar outflow in L1527 to be ∼ 3 × 10 −7 erg cm −3 . Thus the outflow has an energy density that is hundreds of times that of the magnetic field's energy density at the surface of the cavity. It is therefore likely that the outflow alters the magnetic field structure adjacent to the outflow cavities to some degree. We may be witnessing this in the results shown in Figure 8 for the SHARP observation set. Indeed many of the SHARP B-vectors close to the outflow biconical cavities (in particular many of the ill fitting B-vectors in the western portion of the sky maps in Figure 8 ) could be influenced by the outflow, making the interpretation of the SHARP results somewhat complicated.
The Spatially Uniform P ga Assumption
In this paper, we have assumed spatially constant P ga values. If the dust grains in a cloud core are aligned with radiative torques as predicted by Lazarian (2007) , then P ga is enhanced for a dust grain that is illuminated by asymmetric radiation, where this radiation is at wavelengths less than the size of the dust grain. This would mean that for starless cloud cores P ga would be large on the surface of the cloud core, but decrease to low values deep within the cloud core. This decrease in polarization towards the center of starless cloud cores has been observed by Goodman et al. (1992 Goodman et al. ( , 1996 , Matthews et al. (2009) , and more recently by Jones et al. (submitted) . This decrease can be countered to some degree by the radiation from an embedded source, such as a protostar, since such a source provides asymmetric radiation to the dust surrounding it. Evidence that this is the case is seen in Whittet et al. (2008) , Vaillancourt and Matthews (2012) , Zeng et al. (2013) , and in the existence of polarization vectors measured by interferometers, such as CARMA, around deeply embedded YSOs.
There are a number of regions with asymmetric radiation in the L1527 cloud core: the outer areas of the cloud core, the areas near the embedded protostar, and the areas adjacent to the outflow cavities. So although our assumption that P ga is spatially uniform throughout the L1527 cloud core may not be strictly true, it is probably not too inaccurate for L1527, especially throughout Area "B" (shown in Figure 6 ) where the dust is illuminated by amble asymmetrical radiation.
It is not straightforward to predict the likely changes to our model B-vectors if P ga varies spatially within certain regions of L1527, but for our two main conclusions we can say:
(i) If P ga increases towards the center in the CARMA observation set, then this would favor the WO model more than the WA model, based on our discussion in Section 4.1.2, so our overall conclusion in Section 4.1.2. would not change.
(ii) If P ga decreases from the outer edge of the L1527 cloud core, this would enhance the ability for the SCUPOL observation set to differentiate between an aligned model versus an orthogonal model since the outer regions of Area "A" would be enhanced. However, this recognized enhancement would not change our general results of Section 4.1.1 and 4.1.3 that favor the aligned models over the orthogonal models in the outer region of L1527 cloud core.
Comparisons to the Results of Others
Observational studies of the initial magnetic field configurations in collapsing cloud cores and how these fields relate to the rotation axes of those cloud cores can be divided into two general categories: (1) studies with a statistical approach of a large number of sources (e.g. Hull et al., 2013; Krumholz et al., 2013; Hull et al., 2014) ; and (2) studies with a model approach comparing models to individual sources which have been selected for their relatively simple geometries and relative isolation on the sky (e.g. Davidson et al., 2011; Chapman et al., 2013; and Stephens et al., 2013) . The study outlined in this paper falls into the second category.
Statistical Studies
The results of Hull et al. (2013; , a survey study with a sample of 30 star-forming cloud cores, imply that:
(i) the orientation of the mean magnetic field in the outer regions for each cloud core is randomly distributed with respect to the bipolar outflow axis observed for that source; but (ii) the inner regions of the cores have two distinct distributions, with one set of sources having a random distribution of their mean magnetic field orientation with respect to their outflow axis, but the other set having a distribution that is preferentially orthogonal to their outflow axis. This second distribution is marked by its low CARMA polarization fractions.
L1527 is in the Hull et al. (2014) sample and is a prototypical example of this latter low polarization set. Hull et al. used the published data of SCUPOL and SHARP (i.e., Matthews et al., 2009 and Davidson et al., 2011) to determine an average magnetic field orientation for the "outer" regions of this cloud core, weighted by the intensity of the continuum emission at the location of the B-vector and limited to vectors within a radius of 40 . The value of this average is 38 • east of north with a dispersion of ± 43 • , where the dispersion reflects the dispersion of the field line orientations within the source. Hull et al. found the mean orientation of the magnetic field measured by CARMA for the inner region of L1527 is 3 • east of north with a dispersion of ± 8 • .
Our results above would suggest that the intensity weighted average for the core region within a radius of 40 is not the best form of averaging to use when attempting to estimate the initial magnetic field orientation. The intensity weighted average as well as the sample restriction of within a radius of 40 favors the inner region of a cloud core, and so favors field orientations that may have been altered due to cloud core collapse. Our unweighted average method (based on Li et al., 2006 and Stephens et al., 2011) of the B-field orientation in L1527 (i.e., 67 • east of north for the SCUPOL observations) over the whole cloud core gives a better estimate of the initial orientation of the magnetic field in L1527.
In addition, any averaging technique to determine the orientation of the initial cloud core magnetic field will potentially have large systematic errors associated with it if there are only a few B-vectors observed in the outer core regions. This potential is illustrated by Figure 6 . If a large number of B-vectors are measured throughout the outer cloud core, Figure 6 shows that an unweighted average of the orientations of these vectors would lead to an average value aligned with the rotation axis in the case of the SA and WA models, and orthogonal to the rotation axis for the WO and SO models. However, if only a sparse number of B-vectors are observed in a cloud core, then Figure 6 illustrates how a variety of erroneous mean orientations could be estimated, especially for the orthogonal models. In the case of L1527, a large number of B-vectors are observed in the outer regions of the cloud core, and so our estimate of the initial orientation probably does not suffer a large systematic error of this kind.
The general results of Hull et al. (2014) are consistent with the global cloud core collapse models. In the outer regions, the mean magnetic field orientation can take on a large range of values depending on the sky positions of the observed B-vectors, even if the underlying reason for the measured orientations is one particular model (e.g., WA Model or WO Model) from source to source.
Not all the sources in the Hull et al. (2014) sample are like L1527; the sources with high polarization fractions in the inner region mapped by CARMA have random orientations of their magnetic vectors with respect to their outflows in the inner regions. L1157, studied in detail by Stephens et al. (2013) , is an example of a source with magnetic field vectors preferentially aligned with the outflow axis in the inner region mapped by CARMA.
If the sources in the Hull et al. (2014) sample have one underlying initial magnetic field orientation with respect to their rotation axes, rather than a random distribution of initial orientations, then this initial magnetic field orientation must be more aligned than not to the rotation axis of the cloud, because it is only the aligned models (e.g., SA and WA) that can give a variety of field orientations within the central region of a collapsed cloud. The orthogonal models (e.g., SO and WO) always give orthogonal fields within the central region of a collapse. An initial strong aligned field (like that in the SA model) would produce aligned fields with the outflow in the inner region mapped by CARMA, as observed in L1157. Alternatively, an initial weak aligned field (like that in the WA model) would mimic the WO model in the inner region of a core as we have seen in this paper for L1527. The other seemingly random orientations measured by CARMA could be due to field strengths that range between these two extremes.
The major problem with the WA model is that it does not produce the circumstellar, Keplerian disk observed in L1527. But as stated before, this could be due to the ideal-MHD models being considered here, not including turbulence (Santos-Lima et al. 2012 ) and/or not including non-ideal MHD contributions (e.g., Ohmic dissipation; Dapp & Basu 2010) . In addition, the models here have not considered initial fields that are oriented at angles other than 0 and 90 • .
Model Studies
Chapman et al. (2013) compared six star-forming cloud cores, selected because their bipolar outflows lie in the plane of the sky, thus implying their rotation axes also lie close to the plane of the sky. Both L1527 and L1157 are included in this sample. Chapman et al. (2013) compared the magnetic vectors measured for these six sources to the inside-out collapse model of . The initial magnetic field for this model is aligned with the rotation axis of the collapsing cloud core. Myers et al. (1995) and Zhou et al. (1996) measured what could be interpreted as an inside-out collapse expansion wave in the core of L1527 at a radius of about 38 (∼ 5000 AU) from the core's center. In an inside-out collapse, the magnetic field outside this radius should be little affected by the collapse, and so should display their initial uniform field configuration in projection. This would mean that for the SO/LOS-1 and WO/LOS-1 models of the SCUPOL observation set (shown in Figures 7b and 7e) , there should be a very low detection rate of B-vectors outside a radius of 38 since the magnetic field lines would predominantly lie along the line of sight outside the expansion wave. For the SO/LOS-2 and WO/LOS-2 models of the SCUPOL observation set (shown in Figures  7c and 7f) , the B-vectors outside this radius should be vertical, that is orthogonal to the rotation axis. For lines of sight between LOS-1 and LOS-2, there would be only vertical vectors as well, with increasing length from LOS-1 to LOS-2. SCUPOL data in Figure 1 rule out such an inside-out collapse for L1527 for an initial uniform field that is orthogonal to the rotation of the L1527 core. The observations shown in Figure 2 are less problematic for an inside-out collapse if the initial uniform field is aligned (or nearly aligned) to the rotation of the core, and if some pre-collapse contraction has occurred, involving the whole core, prior to the collapse of the inner core. Chapman et al. (2013) analysed only the SHARP data for their sources and so were looking at data mostly within the expansion wave radius. In order to improve the signal-to-noise of the SHARP results and the number of vectors available to test the model, they combined the I, Q, and U data of the six sources after aligning and scaling them appropriately. This approach implicitly assumes that all sources are undergoing inside-out core collapse. The epochs of the collapse in each core were made the same by scaling their expansion envelopes so they coincided. The sources were aligned via the axes of their observed flattened column density enhancements and outflows. The combined result is consistent with the model which has some pre-collapse core contraction (see Figure 8 of Chapman et al., 2013) . Interestingly, these combined results have a vector at the center of the core collapse more aligned than orthogonal to the outflow/rotation axis. This is presumably because those sources in the sample of six that have fields orthogonal to the outflow/rotation axis in the center of the core have weak central polarizations, which would not contribute significantly to the integrations of Q and U in this location. Very significant for this combined sample of 6 YSO cloud cores are the B-vectors nearly aligned with the rotation axis at a number of outer positions on the equatorial plane. These vectors lie in the outer region of Area "A" in our Figure 6 . As mentioned earlier, this region has very different B-vector orientations, but similar polarization fractions, for the aligned and orthogonal models. This combined result of Chapman et al. (2013) is more consistent with our SA and WA models than our SO and WO models, at least for these 6 sources, one of which is L1527.
Conclusions
We have compared the polarization fractions and orientations of 92 B-vectors inferred from SCUPOL observations (Matthews et al., 2009) , 30 B-vectors inferred from SHARP observations (Davidson et al., 2011; and this paper) , and 9 B-vectors inferred from CARMA observations (Hull et al., 2014 ) with the corresponding model B-vectors of four ideal-MHD, non-turbulent global cloud core collapse models of the Class 0 YSO, L1527. In general we conclude:
(i) Very little of the initial cloud core magnetic field orientation exists after a global collapse of a rotating cloud core. Fields mapped on scales within a radius of 2000 AU (e.g., mapped by interferometers such as CARMA), in general can be significantly altered by the collapse. Studies should not use inner core polarimetry results to estimate the initial orientation of the magnetic field in a cloud core before collapse.
(ii) The orientations of the B-vectors in the outer regions of the "equatorial plane", orthogonal to the rotation axis of a cloud core (i.e., outer regions of Area "A" shown in Figure 6 ), give the best estimate of the initial magnetic field orientation in that cloud core before collapse. These regions should be the target of future polarimetry studies.
(iii) Another good estimate of the initial magnetic field orientation in a cloud core is an average using the unweighted summation of the normalized Stokes parameters, q and u, of each of the Bvectors in the cloud (as outlined in Section 4, based on Li et al., 2006 and Stephens et al., 2011) . However, this method will give accurate results only if a spatially well-sampled map of B-vectors is taken across the entire cloud core region, including its outer regions. Figure 6 shows that in the case of a global cloud core collapse, there are many regions of the core that have very different B-vector orientations than the initial field orientation.
(iv) In light of our global cloud core collapse models and averaging technique, a possible explanation to the survey results of Hull et al. (2014) , could be that all the cloud cores in the Hull et al. (2014) sample survey had initial magnetic fields that were nearly aligned with the cloud core rotations (within ±30 • ), and the differences seen between one core in the sample to the next can be explained by the difference in initial field strength in these sources rather than their initial orientations. However, more thorough polarimetry studies of the outer regions of these cloud cores are needed in order to definitively determine which of the two explanations is correct.
(v) Our χ 2 comparisons between the observed B-vectors and our model B-vectors in L1527 lead us to favor the weak aligned (WA) magnetic field model over the other three models since it is the only model that does not give bad fits to the B-vectors for all of the three L1527 observation sets. No model with our assumed parameters fits all the observed B-vectors within the errors of the observations. Although the WA model does not give a bad fit to the data in the inner region of L1527, the weak orthogonal (WO) model gives the best fit in this inner core. The WA model gives the best fit in the outer regions of the L1527 core. Further, the q-u unweighted average of the observed SCUPOL B-vectors implies a net B-vector orientation that is tilted with respect to the rotation axis by 23 • ; this observed average orientation in the outer regions of L1527 is very unlikely for the WO model. Our results are at odds with the predictions of the ideal-MHD global collapse models we are testing in this paper and the observational fact that there exists a circumstellar disk in L1527. The WA model cannot produce such a disk. We therefore conclude that an ideal-MHD, non-turbulent global collapse model probably does not represent the core collapse that has occurred in L1527.
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APPENDIX A Technical Details of Model Simulations
We start our simulations from a uniform, static, spherical core of 2M and radius 2.25×10 17 cm in a spherical coordinate system (r, θ, φ). We adopt an isothermal equation of state with a sound speed a = 0.2 km s −1 below a critical density ρ c = 10 −13 g cm −3 , and a polytropic equation of state p ∝ ρ 5/3 above it. At the beginning of the simulation, we impose a solid-body rotation on the core, with the rotation axis along the θ = 0 direction. The initial magnetic field is uniform, tilting away from the rotation axis by an angle θ 0 . We consider two extreme cases with θ 0 = 0 (aligned) and 90 • (perpendicular), respectively. As in Li et al. (2013) , we choose a non-uniform grid of 120 × 64 × 60. In the radial direction, the inner and outer boundaries are located at r = 10 14 and 2.25 × 10 17 cm, respectively. The radial cell size is smallest near the inner boundary (5 × 10 12 cm or ∼ 0.3 AU). It increases outward by a constant factor ∼ 1.07 between adjacent cells. In the polar direction, we choose a relatively large cell size (7.5 • ) near the polar axes, to prevent the azimuthal cell size from becoming prohibitively small; it decreases smoothly to a minimum of ∼ 0.63 • near the equator, where a rotationally supported disk may form. The grid is uniform in the azimuthal direction. The boundary conditions in the azimuthal direction are periodic. In the radial direction, we impose the standard outflow boundary conditions. Material leaving the inner radial boundary is collected as a point mass (the protostar) at the center. It acts on the matter in the computational domain through gravity. On the polar axes, the boundary condition is chosen to be reflective. Although this is not strictly valid, we expect its effect to be limited to a small region near the axis.
APPENDIX B
Modelling the Sub-mm Stokes Parameters observed for L1527
Here we extend the solutions to the equations describing the transfer of linearly polarized light given in Jones (1989) by including dust emission.
If we consider a small section, ∆z, along a given line of sight, the dust in that section will contribute to the observed polarization by (1) its own dust emission within ∆z, and (2) the way it absorbs the radiation travelling towards the observer through ∆z. (Scattering is ignored for the wavelengths being modelled in this paper.) Jones (1989) derives solutions to the equations formulated by Jones and O'Dell (1977) describing the transfer of linearly polarized light through a non-birefringent medium with no internal emission. These are the equations governing contribution (2) above. Jones (1989) assumes that within ∆z the grains are partially aligned in one direction given by a position angle. In this paper, we will use the position angle for the maximum extinction within ∆z (i.e., the position angle of the long axis of the dust grains within ∆z as projected onto the sky); this is the east from north angle ξ defined in Section 2.3 of this paper.
Based on the results of Jones (1989) , the Stokes parameters of the exit radiation from ∆z (ignoring dust emission within ∆z) are:
I o , Q o , and U o are the Stokes parameters of the incident radiation from behind, and
∆τ and ∆τ ⊥ are the optical depths for the radiation E-vectors aligned and orthogonal to the long axis of the dust grains within ∆z, respectively. P o (z) is the polarization fraction within ∆z due to absorption of unpolarized light in the optically thin limit. This can be further factorized to P o = P ga cos 2 γ(z), where P ga depends on the dust grains and the degree of alignment of their rotation axes within ∆z; and cos 2 γ is the decrease in this polarization, as viewed by an observer, when the average rotation axes of the dust grains is inclined from the plane of the sky by γ.
As stated before, Jones (1989) does not include the dust emission within ∆z, we will do this here. Within ∆z, the dust emission I em and polarized emission I Pem for the non-optically thin case with significant grain alignment can be given by:
where B ν (T ) is the Planck function at the frequency (wavelength) of interest, and
(see Dennison, 1977) . The Q em and U em Stokes parameters for this emission would then be given by I P em cos 2ξ and I P em sin 2ξ, respectively. It is important to note here that the only assumption for these equations to hold is that the alignment is constant within ∆z (i.e., both P o and ξ are constant within ∆z); both ∆τ and ∆τ p can be very much greater than one for ∆z.
Combining (B-1), (B-3) and (B-4), we cover both polarizing contributions made by the dust within ∆z, i.e., by absorption and emission. However, this is for just one section of a given line of sight. We must stepwise combine these contributions all the way along a given line of sight, section by section, starting at the rear of the cloud, defined by L ν (α, δ), and moving forwards to the front of the cloud to −L ν (α, δ) as defined in Figure 5 . The "exit" Stokes parameters for each previous section becomes the "incident" Stoke parameters for the next section. The observed Stokes parameters are those that exit the last section in a given line of sight at −L ν (α, δ).
In other words, if there are N steps (1 through N) from the back of the cloud (at L ν (α, δ)) to the front of the cloud (at −L ν (α, δ) for a line of sight at the sky position (α, δ), then the step-bystep sequence followed to produce the observed Stokes parameters exiting the "Nth" step can be summarized as follows:
where -8) and where I o = 0, Q o = 0, and U o = 0 for the first step, i = 1 (i.e., assuming no emission outside the cloud).
The quantities ρ gas , γ, and ξ are determined by our ideal-MHD global collapse models for L1527. The quantities κ ν , P ga ν , T i = T (α, δ, z i ), and L ν (α, δ) all have assumed values for each observation set being modelled. These assumptions are discussed in Section 2.3 of the paper.
In this formulation, the model Stokes parameters on the sky are:
for the line of sight at (α, δ) for each observation set (indicated by the subscript "ν") and for each cloud collapse model.
Before the above I ν , Q ν and U ν values can be compared with observations, they must be convolved with an appropriate Gaussian beam. For a Gaussian beam, G ν , centred on the sky position (α o , δ o ), the beam convolved measurements are:
For our calculations we used 2-D circular Gaussian beams with the following form:
where Ω ν = F W HM 2 √ ln 2 and where FWHM is the full-width half-maximum of the Gaussian beam being considered. Hull et al., 2014) b Position Angle of the polarization E-vector, measured east of north a The first column for each model is the reduced-χ 2 comparison between the orientation of the B-vectors observed to those in the model. The second column for each model shows how this χ 2 compares to the maximum χ 2 value for the case when the angular difference of all B-vectors between the model and the observations are 90
• with respect to each other. This second column value for each model will lie between 0 and 1; for a good fit this value is close to 0, for a bad fit it is close to 1. The models are defined in Section 3.
b N obs is the number of B-vectors observed on the sky for each Observation Set. Declination (J2000) The length of each vector is proportional to the polarization fraction, P. The black vectors have P/σ P ≥ 3, while the grey vectors have 2 ≤ P/σ P < 3. The vectors are superimposed on the 850 µm continuum contour map measured by SCUPOL with an effective resolution of 20 . These contours are linear, in increments of one-tenth of the peak. Declination (J2000) which have been re-binned and re-reduced here in a Nyquist sample of spatial vectors instead of a beam sample. The length of each vector is proportional to the polarization fraction, P. The black vectors have P/σ P ≥ 3, while the grey vectors have 2 ≤ P/σ P < 3. The vectors are superimposed on the 350 µm continuum contour map measured by SHARP with an effective resolution of 10 . These contours are linear, in increments of one-tenth of the peak. Hull et al. (2014) . The length of each vector is proportional to the polarization fraction, P. The black vectors have P/σ P ≥ 3, while the grey vectors have 2 ≤ P/σ P < 3. The vectors are superimposed on the 1300 µm continuum contour map measured by CARMA with an effective resolution of 3 . These contours are linear, in increments of one-tenth of the peak. ) shows a collapse where the B-field was initially aligned with the rotation of the cloud (e.g., the SA and WA models), while (b) shows a collapse where the field lines were initially orthogonal to the rotation of the cloud (e.g. the SO and WO models). The two lines of sight, LOS-1 and LOS-2, defined here are very different for the orthogonal SO and WO models, and these are explicitly examined throughout this paper. For L1527, the rotation axis lies in the plane of the sky in the east-west direction. 
